The authors note that in Fig. 1 the alignment of the nicotinic receptor ␣1 subunit sequences (Torpedo californica and rat) in the loop C region with the GABA A receptor ␤ subunit sequences aligns Y190 and T191 of the former with K196 and K197 of the latter. The alignment should align H186 and W197 of the nicotinic receptor with K196 and K197 of the GABA A receptor. The nicotinic sequence that reads VYYTCCPD 195 should read WKHW..YT 191. The error does not alter the conclusions of this article. The corrected figure and its legend appear below.
Fig. 1. Model of GABA A R extracellular N-terminal domain based on AChBP (ligand bound). (A)
Charged residues in the ␤2 subunit (E153, E165, K196, and K197) that might be involved in regulating movement of loop C via electrostatic interactions are shown. Binding site loops A, B, and C are marked. (B) Sequences of various GABA AR ␤-subunits highlighting conserved charged residues (blue). Aligned residues in the nAChR ␣-subunit from Torpedo californica and Rattus norvegicus are also shown. Residues suggested to form a salt bridge important for stabilizing the open state of nAChR (Mukhtasimova et al.) (11) are colored red.
www.pnas.org͞cgi͞doi͞10.1073͞pnas.0901579106 Fig. 3 . Elevated levels of p27 Kip do not inhibit cdk2 or cdk4 activity. Proteins were extracted from 5-10 ϫ 10 6 FN-A, FN-NA, PLL-A (not shown), and PLL-NA (not shown) CML or NL CD34 ϩ cells. cdk2 and cdk4 were immunoprecipitated from 500 g protein by using anti-cdk2 or anti-cdk4 antibodies, or control IgG and protein-G-agarose beads, separated by SDS/PAGE and blots probed with anti-cdk2 or anti-cdk4 and goat anti-mouse HRP antibodies. cdk2 and cdk4 activity was assayed by adding 5 g histone or GST-Rb and 10 Ci [r-32 P] to immune complexes. Reaction products were resolved by SDS/PAGE, and the gel was exposed to X-ray film. A representative example of three separate experiments is shown.
Chemical signaling in the brain involves rapid opening and closing of ligand gated ion channels (LGICs).
LGICs are allosteric membrane proteins that transition between multiple conformational states (closed, open, and desensitized) in response to ligand binding. While structural models of cys-loop LGICs have been recently developed, our understanding of the protein movements underlying these conformational transitions is limited. Neurotransmitter binding is believed to initiate an inward capping movement of the loop C region of the ligand-binding site, which ultimately triggers channel gating. Here, we identify a critical intrasubunit salt bridge between conserved charged residues (␤E153, ␤K196) in the GABAA receptor (GABAAR) that is involved in regulating loop C position. Charge reversals (E153K, K196E) increased the EC 50 for GABA and for the allosteric activators pentobarbital (PB) and propofol indicating that these residues are critical for channel activation, and charge swap (E153K-K196E) significantly rescued receptor function suggesting a functional electrostatic interaction. Mutant cycle analysis of alanine substitutions indicated that E153 and K196 are energetically coupled. By monitoring disulfide bond formation between cysteines substituted at these positions (E153C-K196C), we probed the mobility of loop C in resting and ligand-bound states. Disulfide bond formation was significantly reduced in the presence of GABA or PB suggesting that agonist activation of the GABA AR proceeds via restricting loop C mobility.
disulfide trapping ͉ electrostatic ͉ ligand-gated ion channel ͉ mutant cycle E ven though significant strides have been made in our understanding of the structures of members of the cys-loop family of LGICs, the structural elements and protein movements that couple neurotransmitter binding to channel opening are only beginning to be elucidated (1) . Members of the cys-loop family of receptors include the prototypical nicotinic acetylcholine receptor (nAChR), GABA A R, the glycine receptor (GlyR) and the serotonin 5HT 3 receptor (5HT 3 R). For these receptors, binding of neurotransmitter in the extracellular ligand-binding domain results in a rapid cascade of protein rearrangements (in the submillisecond to millisecond timescale) (2) that ultimately leads to the opening of an intrinsic ion pore.
Much of our current structural knowledge of these nanomachines comes from the crystal structure of the related molluscan acetylcholine binding protein (AChBP), which shares sequence homology to the extracellular ligand-binding domain of these receptors (3) and from the 4 Å cryo-electron microscopic images of the nAChR in the closed state (4). These static snapshots, however, cannot completely describe the protein movements involved in coupling neurotransmitter binding to channel gating. Molecular dynamic simulations, fluorescence studies using tethered flurophores, and a hydrogen-deuterium exchange study have suggested that the loop C region of the neurotransmitter binding site (Fig. 1A ) located between beta strands 9 (␤9) and 10 (␤10), is dynamic (5-7). Presently, it is believed that neurotransmitter binding triggers an inward capping motion of loop C over the agonist, which then leads to channel opening via molecular interactions in the coupling interface (8) (9) (10) . The molecular forces that control the positioning and stabilization of loop C in agonist bound (open and desensitized) and unbound (resting) receptor states are relatively unknown. In the nAChR, it has been suggested that a triad of interacting residues near the periphery of the ACh binding site are involved in coupling movements in the binding site to the ion channel (11) .
Here, we identify a salt bridge between ␤E153 and ␤K196 involved in positioning loop C and present evidence that this salt bridge is critical for GABA activation of the receptor. Moreover, using disulfide-trapping experiments, we demonstrate that in the unliganded resting state, the loop C region of the GABA binding site undergoes significant motion, and that GABA and PB slow this motion. GABA A R, we observed potential electrostatic interactions between charged amino acid residues on ␤7 (E153) and ␤9 (K196) and ␤8 (E165) and ␤9 (K197) ( Fig. 1 A and B) . Residues in similar positions on ␤7 and ␤9 in the nAChR (Fig. 1B) have been reported to interact (11) . Because ␤9 forms part of the loop C region of the GABA binding site (Fig. 1 A) , we hypothesized that interactions between these residues might be involved in positioning and stabilizing loop C during receptor activation. To test our hypothesis, we disrupted the salt bridges by reversing the charges (␤E153K, ␤E165K, ␤K196E, and ␤K197E) and also swapped the charges (␤E153K-K196E and ␤E165K-K197E) to potentially restore the salt bridges. Oocytes expressing mutant and wild type (WT) ␣1␤2␥2S GABA A R's were functionally characterized using a two-electrode voltage clamp. All of the mutant ␤-subunits assembled into receptors that responded to GABA. Charge reversals at ␤E153 and ␤K196 increased GABA EC 50 by 137-and 19-fold, respectively, as compared to WT (13.3 Ϯ 1.5 M) ( Fig. 2 A and B ; Table 1 ) whereas the charge reversals at ␤E165 and ␤K197 had little effect on GABA EC 50 (Table 1) . When the charges at ␤E153 and ␤K196 were swapped (␤E153K-K196E), GABA EC 50 was increased by only 37-fold. If the mutations at ␤E153 and ␤K196 acted independently, the effect of the double mutation should be additive and result in a 2600-fold increase in GABA EC 50 .
Results

Effects of Charge
Effects of Charge Reversals and Charge Swap on General Anesthetic
Activation. PB is an allosteric modulator of the GABA A R that binds at a site distinct from GABA (12) . At high concentrations, PB can directly open the channel. The single channel conductances of GABA A R's activated by PB and GABA are similar (13) suggesting that the open-state channel structures induced by their binding are alike. We hypothesized that if an interaction between ␤E153 and ␤K196 is important for stabilizing an open, activated state of the GABA A R, then the ability of PB to gate the GABA A R would also be altered by mutations at these positions. Charge reversals at ␤E153 and ␤K196 increased PB EC 50 by 6-and 15-fold, respectively, as compared to WT (141 Ϯ 10 M) ( Table 1 ). When the charges were swapped (␤E153K-K196E), PB EC 50 was restored to near WT values ( Fig. 2D , Table 1 ).
We also examined whether E153 and K196 were important for GABA A R activation by the general anesthetic propofol. Charge reversals at ␤E153 and ␤K196 each decreased propofol apparent affinity, Ϸ7-fold (E153K, EC 50 ϭ 430 Ϯ 18 M, n ϭ 4; K196E, 569 Ϯ 122 M, n ϭ 5; vs. WT, 72 Ϯ 34 M, n ϭ 2). Notably, the charge swap restored propofol EC 50 to near WT values (46 Ϯ 24 M, n ϭ 3). Rescue of PB and propofol EC 50 with the charge swap argues against the mutations inducing global structural changes in the protein.
The effects of reversing the charges (␤E165K, ␤K197E) and swapping the charges (␤E165K-K197E) at ␤E165 and ␤K197 on the ability of PB to activate the GABA A R were also tested. Similar to results obtained with GABA, these mutations had little effects on PB EC 50 (Table 1) indicating that an interaction between ␤E165 and ␤K197, if present, is not important for PB or GABA activation of the GABA A R.
Cysteine Substitutions and Modification with Charged MTS Reagents.
To confirm the electrostatic nature of the interaction between ␤E153 and ␤K196, we examined the effects of inserting positive and negative charges at these positions in real-time. Initially, we neutralized the charges by introducing cysteine substitutions at these positions (␤E153C, ␤K196C). ␤E153C and ␤K196C increased GABA EC 50 by 90-and 6-fold, respectively, as compared to WT (see Fig. 5A and Table 1 ). We then examined the effects of modifying the substituted cysteines with a positively (MTSET) and a negatively (MTSES) charged sulfhydryl-reactive reagent. MTSET and MTSES are similar in molecular size (Fig. 3A) and have similar reaction mechanisms (14) . Thus, differences in a cysteine mutant receptor's response following modification by these reagents can be directly attributed to adding different charges to the substituted cysteines. For WT receptors, MTSES and MTSET (2 mM, 2 min) had no significant effects on currents activated by EC (10 M) and max GABA (10 mM) concentrations (Ͻ15%; Fig. 3B ).
As expected, modification of ␤E153C with the negatively charged MTSES significantly increased current amplitudes in response to EC GABA (1 mM) by 41.3 Ϯ 3.5% (Fig. 3B) . Similarly, modification of ␤K196C with the positively charged MTSET significantly increased EC GABA (80 M) current amplitudes by 46.1 Ϯ 7.8%. Moreover, modification of ␤E153C with MTSET and modification of ␤K196C with MTSES significantly decreased current responses to EC 30-60 GABA (Fig. 3B ). An increase or decrease in I GABA after MTS application can be attributed to a change in GABA apparent affinity (EC 50 ) and/or a change in maximal GABA response (I max ). Except for ␤E153C, MTS modifications had no effect on I max . Modification of ␤E153C with MTSES significantly increased GABA (300 mM) I max by 27.9 Ϯ 9.5% (Fig. 3B) , suggesting a change in channel gating or conductance. Because of ␤E153C's distance from the channel vestibule, a change in gating is the simplest explanation. Overall, removing the charges at E153 or K196 by cysteine substitution decreased GABA A R activation whereas returning the negative charge at E153 and the positive charge at K196 restored function.
Nonadditive Effects of Salt Bridge Mutations. The nonadditivity of the effects of the double charge swap on GABA and PB EC 50 values suggests that ␤E153 and ␤K196 interact. Mutant cycle analysis is routinely used to compute the interaction energy between sets of residues on the basis of the free energy change associated with a perturbation (15) . For this analysis, the introduced mutations should remove the interaction under study without adding new interactions (16, 17) . Thus, we neutralized E153 and K196 independently and together, by introducing alanines. If the residues do not interact then the change in free energy for the double mutant is equal to the sum of the changes in free energy of the two single mutations. If the residues are energetically coupled then the change in free energy for the double mutant would differ from the sum of the two single mutations (Fig. 4B) .
Alanine substitutions of ␤E153 and ␤K196 increased GABA EC 50 by 144-and 5-fold, respectively (Fig. 4A, Table 1 ). As expected for interacting residues, the GABA EC 50 for the double alanine mutant (␤E153A-K196A) was not the additive sum of the single mutants (Fig. 4A, Table 1 ). Mutant cycle analysis yielded a significant interaction energy of (Ϫ) 1.35 Ϯ 0.2 kcal/mol. A similar analysis for PB activation yielded a weaker coupling energy of (Ϫ) 0.23 Ϯ 0.07 kcal/mol (Fig. 4C, Table 1 ). The differences in the interaction energies for GABA and PB activation likely reflect the fact that GABA and PB bind to different regions of the receptor and trigger different activation pathways and movements (18) .
Mutant cycle analysis was developed for analyzing two-state thermodynamic processes (19) (20) (21) . The EC 50 values used in our analysis are a composite of microscopic agonist binding and channel gating constants. This complicates the analysis and our ascribing whether the interaction influences agonist binding and/or gating. Nonetheless, the nonadditivity of the effects on GABA EC 50 for the double-substitution mutations (charge swap and/or alanines) when compared to the single substitutions strongly suggests that ␤E153 and ␤K196 interact.
Disulfide Trapping. To probe the spatial proximity between ␤E153 and ␤K196 and their mobility, we tested the ability of cysteines introduced at ␤E153 and ␤K196 (␤E153C-␤K196C, Fig. 5A and Table 1 ) to form a disulfide bond. The maximum separation of cysteine beta-carbons (C ␤ -C ␤ ) in a disulfide bond (-S-S-) is 4.6 Å (22). Factors affecting disulfide bond formation include sulfhydryl collision frequency and collision trajectory and the presence of an oxidizing environment (22) . We used the oxidizing agent H 2 O 2 (0.3%, 3 min) to promote disulfide bond formation. H 2 O 2 had minimal effects on WT and single cysteine GABA EC 50 currents (Fig. 5B ) but significantly reduced GABA induced current by 44.4 Ϯ 4.7% (n ϭ 7) for the double cysteine mutant receptor (␤E153C-␤K196C). Subsequent treatment with the disulfide reducing reagent DTT (10 mM, 3 min) regenerated Ϸ70-80% of the initial GABA current (inset, Fig. 5B ) providing strong evidence that the H 2 O 2 induced current inhibition is caused by a disulfide bond between ␤E153C and ␤K196C. For a subset of oocytes expressing ␤E153C-␤K196C, application of DTT to naïve oocytes significantly increased EC 50 GABA current amplitudes (data not shown) suggesting that under certain conditions the two cysteines are spontaneously crosslinked. The variability in observing spontaneous disulfide bond formation between ␤E153C and ␤K196C is likely because of differences in the redox environment of different batches of oocytes (23) . Disulfide bond formation induced by H 2 O 2 between ␤E153C and ␤K196C reduced GABA gated current and likely traps loop C in a position not favorable for receptor activation. To test whether disulfide trapping ␤9 close to ␤7 was also detrimental to PB gating of the receptor, we tested the effects of H 2 O 2 on EC 50 PB (1 mM) induced currents (Fig. 4B) . Similar to the results obtained with GABA, H 2 O 2 significantly decreased PB-gated currents by 50.2 Ϯ 3.2% (n ϭ 9) for the double cysteine mutant receptor (␤E153C-␤K196C) but had small effects on WT and single-mutant receptors (Fig. 5B ). The larger effects that H 2 O 2 had on PB currents compared to GABA currents elicited from WT receptors is likely because of differences in the oxidative sensitivity of the individual structural elements that make up their distinct activation trajectories.
To examine whether GABA A R activation by GABA or PB changes the distance/relative orientation/thermal motion of ␤E153C on ␤7 and ␤K196C on ␤9 we tested the ability of H 2 O 2 to promote disulfide bond formation in the presence of GABA (300 mM) or PB (1 mM). The inhibition of GABA current responses induced by H 2 O 2 was significantly decreased in the presence of GABA (23.3 Ϯ 4.4%; n ϭ 4 vs. 44.4 Ϯ 4.7%; n ϭ 7 in the absence of GABA, Fig. 5B ) suggesting that GABA blocks disulfide bond formation between ␤E153C and ␤K196C. The decrease in disulfide bond formation could be because of steric block from GABA itself or to local structural movements triggered by GABA binding. To try and distinguish between these possibilities, we examined whether the presence of PB would also decrease H 2 O 2 induced inhibition of PB activated currents. PB significantly reduced disulfide bond formation (22.5 Ϯ 3.1%; n ϭ 5 vs. 50.2 Ϯ 3.2%; n ϭ 9 in the absence of PB, Fig. 5B) . Overall, the data demonstrate that disulfide bond formation between ␤E153C and ␤K196C is decreased in the presence of GABA and PB. The reduced levels of crosslinking in the ligand-bound states suggest that GABA A R activation changes the position of loop C. Moreover, the data suggests that binding of PB in the presumed transmembrane domain (24) (25) (26) triggers movement in the receptor that can be backpropagated to the GABA binding pocket.
Discussion
Because neurotransmitter binding to LGICs triggers channel opening within milliseconds, the underlying protein movements must happen on an even faster timescale. The breaking and forming of salt bridges is estimated to occur in nanoseconds making them ideal for participating in this process (27, 28) . Here, we provide evidence that a salt bridge between ␤E153 and ␤K196 located on ␤7 and ␤9 of the GABA A R is important for regulating loop C movement.
Intrasubunit Salt Bridge Critical for GABAAR Activation. Several lines of evidence indicate that E153-K196 forms a functionally important salt bridge in the GABA A R. Charge reversal and charge neutralization resulted in large rightward shifts in GABA EC 50 values ( Table 1) . Modification of K196C with positively charged MTSET and E153C with negatively charged MTSES restored GABA A R function whereas modifications with oppositely charged MTS reagents reduced GABA A R function (Fig. 3B) . The charge swap (␤E153K-␤K196E) and double charge neutralization (␤E153A-␤K196A) shifted the GABA EC 50 only by 37- and 78-fold vs. the 2600-and 720-fold shifts predicted in the absence of an interaction (Table 1) . Finally, mutant cycle analysis yielded a significant interaction energy of Ϸ1.4 kcal/mol (Fig. 4A) . Charged residues at position ␤153 and ␤196 are conserved across all species and subtypes of the GABA A R ␤-subunit (Fig. 1B) supporting the idea that these residues are critical for GABA A R function.
While our data indicate that ␤E153 and ␤K196 are energetically coupled, the different fold changes in GABA EC 50 upon mutating ␤E153 and ␤K196 (Table 1) together with the partial recovery in GABA EC 50 of the charge swap (Fig. 2B, Table 1 ) indicate a more complex role than a simple electrostatic interaction and suggest that these residues are part of a larger network of interacting residues. ␤E153 is located near GABA binding site residues ␤E155 and ␤R207, which we previously identified are critical for GABA binding and gating (29, 30) . We speculate that mutating ␤E153 is not only eliminating an interaction with K196 but is also affecting ␤E155 and ␤R207, hence the larger changes in GABA EC 50 when ␤E153 was mutated as compared to K196 and the partial recovery in GABA EC 50 of the charge swap. GABA binding and channel activation likely involves a dynamic interplay of these residues near the binding site. Because mutations at ␤E153 and ␤K196 increase GABA EC 50 , the electrostatic interaction between ␤E153 and ␤K196 is likely part of the mechanism that stabilizes a ligand-bound receptor state. PB does not bind in the GABA binding site and mutating ␤E155 or ␤R207 has minimal affects on PB activation (29, 30) ; this likely explains why mutations at ␤E153 and ␤K196 have smaller effects on PB EC 50 and the charge swap completely restores PB EC 50 .
Findings in the nAChR support our conclusions that ␤E153 and ␤K196 play an important role in GABA A R activation. Mukhtasimova et al. (11) identified an electrostatic interaction between ␣1K145 (aligned with ␤E153) on ␤7 and ␣1Y190 (aligned with ␤K196) on ␤9 in the nAChR important for stabilizing the open state of the receptor, whereas in the unliganded-resting state an interaction between ␣1K145 and ␣1D200 (aligned with ␤R207) occurred. Also, in agonist-bound AChBP (31) , an H-bond between K139 and Y185 (aligned with ␤E153 and ␤K196) is seen. An H-bond link between loops B and C in the ␣4 nAChR was also identified to be important for stabilizing both open and desensitized states (32) .
Loop C Mobility. Cysteine substitutions at ␤153 and ␤196 disulfide crosslinked in the closed state (Fig. 4B) . In our homology model, the C ␤ -C ␤ distance between E153C and K196C in the resting unliganded state is 10Å (C ␤ -C ␤ for -S-S-bond is 4.6 Å). Our results indicate that, in the resting state, loop C of the GABA binding site is mobile and residues may move as much as 5 Å.
Disulfide trapping ␤7 and ␤9 close to each other resulted in a reduction in both GABA and PB gated currents. The volume and length of a cysteine side chain is smaller than glutamate and lysine. We speculate that the disulfide bond positions ␤E153C and ␤K196C too close and traps the outer ␤-sheets in a conformation that reduces their torsional flexibility. In a recent study, disulfide crosslinking residues K144 (aligned with E153) and T198 in loop C of the ␣7 nAChR reduced the ability of acetylcholine to activate the receptor (33) .
If loop C is mobile in the closed unliganded state, what happens to this mobility during receptor activation? When examined in the presence of GABA or PB, crosslinking between ␤E153C and ␤K196C was decreased suggesting that loop C is less mobile in GABA and PB bound receptor states. Notably in AChBP, Shi et al. (7) using hydrogen-deuterium exchange mass spectrometry and Gao et al. (34) using solution NMR have shown a reduced mobility of loop C in the presence of agonist.
In conclusion, we identify a salt bridge between two conserved charged residues in ␤7 and ␤9 of the GABA A R ␤-subunit that is critical for receptor activation by orthosteric and allosteric GABA A R ligands. Crosslinking experiments not only confirm spatial proximity between E153 and K196 but also predict inherent protein flexibility within these outer ␤-strands. We envision that in the resting state, the loop C region of the GABA binding site is highly mobile. GABA binding might then bring an order to this entropic state by positioning ␤E153 and ␤K196 via electrostatic interactions that restrict the movement of loop C. This restriction of loop C is likely important for stabilizing a ligand-bound state of the receptor. It remains to be determined whether the two remaining cousins of the GABA A R within this superfamily, the GlyR and the 5HT 3 R also share similar interactions within the outer ␤-strands.
Materials and Methods
Mutagenesis and Expression in Oocytes. Rat cDNAs encoding ␣1, ␤2, and ␥2S subunits of the GABAAR were subcloned into the pUNIV vector (35) . Mutant ␤2 subunits were created as previously described (36) .
Oocyte Electrophysiology. Xenopus oocyte isolation and two electrode voltage clamp recordings on Xenopus oocytes were performed as previously described (36) . Stock solution of 0.3% H2O2 (Fisher Scientific) in ND96 buffer was prepared daily.
Concentration-Response Analysis. GABA concentration-response analyses were performed as described previously (36) . PB concentration responses for WT and mutant receptors were performed either with or without a low PB concentration (EC5-30) to correct for the drift in IPB over the course of the experiment. Currents induced by each test concentration were normalized to the corresponding low PB concentration (where applicable) before curve fitting. The curve fits for PB concentration responses for the two methods were not significantly different and data were pooled for statistical analysis.mM, 3 min) and measuring the current amplitudes of GABA and PB before and after DTT. Statistical Analysis. LogEC50 values for GABA and PB concentration responses, changes in current amplitude in response to MTS application for low and maximal GABA concentration, and effects of DTT/H 2O2 on single and double cysteine substitutions were analyzed using one-way ANOVA, followed by a post hoc Dunnett's test and/or a posthoc Bonferroni multiple comparison test to determine the level of significance between WT and mutant receptors.
Natural logarithm (ln) transformed values of WT and mutant EC 50 values were used for computing interaction free energies, such that ⌬⌬G INT ϭ RT [ln(WT) ϩ ln(mut1,mut2) Ϫ ln(mut1) Ϫ ln(mut2)], with propagated errors reported in standard error (SEM). ⌬⌬GINT Ϯ error were analyzed using onesample t test for statistical significance from zero energy, with degrees of freedom (df) ϭ NWT ϩ NMUT1ϩ NMUT2 ϩ NMUT1,MUT2 Ϫ 4, where NX ϭ number of EC50 experiments for WT or mutant receptors.
Structural Modeling. Homology modeling was performed as described previously (36) .
